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1-1 History of arsenic contamination and health hazard surrounding human beings
Heavy metal is defined as metal denser than iron (Fe). Heavy metals are
important for not only industrial uses but also biological processes of organisms.
However, some heavy metals including metalloid causes health hazard for a living
organism especially cadmium (Cd), mercury (Hg), chromium (Cr), lead (Pb) and arsenic
(As). In the past of Japan and the present of many countries, these elements have caused
harm to the public. Contamination of these heavy metals was due to mainly industrial
activity of human, but some pollution derived from nature. In the recent studies, Kim et
al. summarized the reports of natural As contamination in ground-water of the world,
and they also pointed out that south-east Asian countries was threaten by serious As
contamination (Kim et al., 2011). Especially, health risk of over 70 million people are
threatened by nature-derived As in Bangladesh (Argos er al., 2010). As a reason for that,
As is prevalent in groundwater that is utilized for irrigation and drinking. Also some
south-east Asian countries (for example Vietnam, India and Nepal) are in the same
situation (Nickson et al., 1998; Acharyya et al., 1999). From these situation, As
pollution was one of big issues for mankind.
As is a metalloid which reside naturally in the earth crust (Duker et al., 2004),
and exist inorganic form mostly in nature. The As concentration of soil is in the range of
0.2 to 40 mg/kg (National Academy of Science, 1977). Generally, As exists as arsenate
form (AsO43-, AsV) in aerobic condition and arsenite form (AsO33-, AsIII) in anaerobic
condition (Tanaka, 1988). In hydrothermal vein, coarse igneous, pegmatites and
sedimentary rocks, As was usually co-exists with mainly Fe and sulfide (S) such as
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arsenopyrite (FeAsS), realgar (AsS), cobaltite (CoAsS), proustite (Ag3AsS3) and
orpiment (As2S3) (Allard 1995; Reimann and de Caritat 1998). This As compounds was
supplied via magma, fumaroles and heat ground water to the living-sphere of organisms
(Signorelli 1997). From these reasons, it is considered that high volcanic activity area is
possibly contained high level of As. In the previous mentioned south-east Asian
countries, main As source is ground-water which comes from the Himalayas. Ground
water getting contaminated by As slowly through geological formations (Kim et al.,
2011). In other cases, As is produced by mining with copper (Cu) and gold (Au)
(Nyanza et al., 2014). As is provided via various pathway to living sphere of human for
the above reasons.
As is known as carcinogen of skin cancer and causing substance of a nerve
disturbance (Chen rt al., 2002). As is classified into inorganic form, organic form and
arsine, additionally toxicity depend on its chemical form and valency. The toxicity of As
based on LD50 value is as following: arsine > arsenite (AsIII) > organic arsenite
compounds > arsenate (AsV) > organic arsenate compounds > arsonium compounds >
arsenic element (The geological society of Japan, 1998). AsIII shows strong biological
toxicity due to high affinity to thiol groups (-SH) which located in active site of living
cell enzymes. The complex of AsIII and sulfhydryl materials has possibility to effect in
the wide range of metabolism involving fatty acid oxidation, glucose uptake and
gluconeogenesis (Young, 2000). On the other hand, AsV shows mildly-toxic compared
to AsIII because it is considered that AsV has weaker affinity than AsIII does (Mead,
2005). Organic arsenic compounds (such as monomethylarsonic acid, dimethylarsinic
acid and so on) are considered less toxicity than inorganic form of As. Especially,
arsenobetaine and arsenosugar, which are organoarsenic compound and found in fish
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and sea weeds, are considered non-toxic arsenic compounds (US EPA, 2002). As
toxicity is categorized that acute and chronic: acute toxicity as digestive disturbance and
fast pulse is caused by mainly inorganic As; chronic toxicity which results in more
serious disease such as cancer and nerve disturbance comparing to acute toxicity. As a
result of the aforementioned reasons, it is necessary to remove As from the
contaminated sites.
1-2 General statement of As remediation technology for contaminated soil
For heavy metal contamination in soil and ground water, variety of methods
have been applied so far. In general, remediation technologies vary in cost, labor and
length of time to adapting various site condition. Several methods of remediation has
been developed (US EPA., 2002). Excavation, the most representative method for soil
contamination, has advantage of certain and speedy decontamination though it takes
high cost and environmental load. Phytoremediation is one of the in-situ remediation
technology. This method takes time to decontamination but the merits are eco-friendly
and low cost comparing to excavation. Comparison with the excavation about cost,
phytoremediation takes $60,000-100,000 (sandy loam soil, 50 cm depth) but the cost of
excavation, transport and storage is $400,000 (Salt et al., 1995). In addition, energy
crisis and environmental issue are claimed in worldwide, thus low environmental load
remediation technology is demanded. From these reasons, development and application
of phytoremediation are strongly required in recent years.
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1-3 Present status of phytoremediation
Phytoremediation has been getting attention as one of eco-friendly and low cost
method for heavy metal contamination. Basic mechanism of phytoremediation is using
plants which can accumulate high concentration of heavy metal(s) for extraction or
stabilization from contaminated site. Several methods of phytoremediation has been
developed (US EPA, 2000). Most of plant cannot accumulate heavy metal or cannot
transport heavy metal to aerial parts even accumulate it as a heavy metal tolerance
system in general (Brooks et al., 1977; Shu et al., 2005). However, the plant which is
able to accumulate high concentration of heavy metal calls “hyperaccumulator”. The
definition of hyperaccumulating plant is the plant capable of accumulating> 0.1 g/kg of
Cd; >1 g/kg of As, Co, Cr, Cu, Ni, Pb, Sb, or Se; >10 g/kg of Zn in the aerial part
without phytotoxic damage (Verbruggen et al., 2009). Over 450 species of
hyperaccumulators have been discovered so far (Rascio and Navari-Izzo, 2011).
Phytoextraction mainly uses these hyperaccumulating plants for absorbing heavy metals
from the environment. High concentration of heavy metal is accumulated in the shoots
of hyperaccumulator, then biomass is harvested. Remediation scheme of rhizofiltration
is almost the same as phytoextraction, but this method more focuses on water treatment.
Phytostabilization is to stabilize heavy metals as non-toxic or insoluble form using
activity of plant or microorganisms in rhizosphere. Except hyperaccumulating plant, it
was reported that some herbaceous (Medicago sativa, Vetiveria zizanioides etc.) and
arboreous (Poplus and Salix species) can accumulate or digest organochlorine
compounds and polycyclic aromatic hydrocarbon (Zhong et al., 2011; Gurska et al.,
2009). It is categorized as rhizodegradation or phytodegradation. It is known that Pteris
vittata, Pteris certica, Pteris multifida, Pteris oshimensis and Pityrogramma
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colomelamosis are as As hyperaccumulator (Francesconi et al, 2002; Wang et al, 2007).
In many countries especially Europe and U.S., some phytoremediation projects have
been carried on using these procedures (Cundy et al., 2013). Also, venture company has
been dealt with phytoremediation as commercial activity in the U.S. (Edenspace, 2011).
However, phytoremediation is still not alternative to physiological environmental
remediation method such as excavation.
1-4 As accumulation, transportation and redox in Pteris vittata
Pteris vittata, the first discovered As hyperaccumulator, is able to accumulate
22,630 mg/kg of As in the shoots when the fern cultivated on 1,500 mg/kg of As in soil
(Ma et al., 2001). Gametophyte of P. vittata is roughly divided into shoots/aerial part
and roots/root system. In the aerial part, the branch, which grows from rhizome calls
frond, and the leaflet of frond calls pinna. In the root system, rhizome is basement of
fronds and roots but the detail of the function has not been described. Basic As
accumulation, transportation and redox system of P. vittata was described. P. vittata
absorbs mainly AsV from the environment, then AsV was reduced to AsIII within root
system. Over 90% of AsIII was transported to shoots via xylem and accumulate as free
arsenite in the fronds (Ma et al., 2001; Lombi et al., 2002; Su et al., 2008). AsV is
absorbed via phosphate transporter due to the chemical analog between AsV and
phosphate (Meharg and Macnair, 1992). AsIII is transported via the aquaporin, which is
one of water transporter (Bienert et al., 2008; Mitani et al., 2008; Zhao et al., 2009).
Though elemental As accumulation system is known as above, details of each
accumulation, transportation and redox mechanism are still remain unclear. For example,
P. vittata reduces AsV to AsIII which is more toxic form of As in the body. To describe
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this phenomena, AsIII specifically was bound to detoxification with low molecular
thiols such as phytochelatin, glutathione. Then, arsenite-thiol complex is transported
into the cell vacuole (Zhang et al., 2004; Pickering et al., 2006). However, it was
reported that the material balance of sulfur and arsenic did not match in the pinna of P.
vittata (Sakai et al., 2010). Furthermore, Moore et al. (2014) reported that As was not
only accumulated in vacuolar of cell, but also the cell wall in Oryza sativa. These
reports suggested that P. vittata has other As resistance and hyperaccumulation system
besides As-thiol conjugation and accumulating As in the vacuolar. Thus, it is required to
understand As hyperaccumulation system in P. vittata.
1-5 The controversial points of phytoremediation using Pteris vittata
For As phytoremediation, phytoextraction and phytostabilization projects or
studies has been performed such as in agricultural soil, dredged soil, and farm land
(Vangronsveld et al., 2009; Niazi et al., 2012; Cundy et al., 2013). These projects has
been conducted mainly tropical to frigid zones. However, the projects using P. vittata
for As phytoextraction were only operated in tropical to temperate zones because P.
vittata originally come from tropical to subtropical areas (Gonzaga et al., 2006;
Kertulis-Tartar et al., 2006; Vangronsveld et al., 2009; Niazi et al., 2012). On the other
hand, As contamination was reported in worldwide including subarctic zones (Kim et al.,
2011). Thus, it is unproven that applicability of P. vittata in such cold area for As
phytoextraction. One of the problem of remediation technology using plant is the
northern limit of growing. Therefore, it is necessary to gather the information about any
site, climate and contamination situation for widely implementation of
phytoremediation.
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In the plant physiological point of view, basic As accumulation, transportation
and accumulation pathway of P. vittata has been demonstrated (Wang et al., 2002;
Poynton et al., 2004; Su et al., 2008). Interestingly, P. vittata accumulates As as AsIII,
more toxic form than AsV and organic As compounds, in the shoots (Ma et al, 2001).
Thus, it is considered that AsV reduction was contributed for As hyperaccumulation in P.
vittata. In contrast, details of the role of As accumulation and redox in each part (fronds,
rhizome, roots) of the fern has not been clarified. Apart from these As accumulation
pathway, As efflux from roots in hydroponic condition was reported (Su et al., 2008;
Huang et al., 2011). Furthermore, As translocation from shoots to rhizome of P. vittata
was observed in the field experiment (Huang et al., 2014). In our field experiment,
significant As accumulation except in shoots was observed (Chapter 2). However, these
phenomena has not been fully studied. If these phenomena happens constantly, it may
affect As phytoextraction efficiency. Therefore, it is necessary to elucidate the detail of
As behavior in P. vittata for efficient phytoextraction.
1-6 Objectives of present study
P. vittata is promising for using phytoremediation in As contaminated site, also
physiological As accumulation, transportation and redox processes are needed to
understand As detoxification and hyperaccumulation system for widely implementation
of phytoremediation in the future. However, data of field study is still limited to expect
complete decontamination by plants. In addition, only few part of As accumulation,
transportation and redox systems has been described so far. It is not sufficient to explain
As hyperaccumulation by P. vittata.
In the present study, objectives are 1: evaluation of applicability to As
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phytoremediation by P. vittata on tsunami flooded area in north-east region of Japan for
gathering data for widely implementation; 2: evaluation of translocation of accumulated
As in P. vittata and As efflux from roots to understand behavior of As in P. vittata; 3:
characterization of As redox system and evaluation of absorption and transport rate by
As valency in P. vittata to describe As detoxification and hyperaccumulation system in P.
vittata.
1-7 Contents of this thesis
This doctoral thesis consists of 5 chapters.
Chapter 1 “General introduction” was written about back ground information
of As contamination and remediation technology for As pollution, and summarized
issues of phytoremediation using P. vittata for As polluted site.
Chapter 2 “Evaluation of As phytoremediation applicability by
As-hyperaccumulator, Pteris vittata in tsunami flooded area in north-east Japan”
descrived the salinity tolerance of P. vittata and the applicability of the fern to As
phytoremediation on tsunami flooded area in north-east region of Japan.
Chapter 3 “Evaluation of translocation of accumulated As in Pteris vittata and
As efflux from roots” demonstrated translocation of accumulated As in P. vittata and As
efflux from roots to understand behavior of As in P. vittata. Additionally, relationship
between As, Ca and P was also descrived for understanding As translocation pathway
and accumulation mechanism.
Chapter 4 “Characterization of As redox system and transport rate by As
valency in Pteris vittata” observed the As redox mechanism and evaluation of
absorption and transport rate by As valency in P. vittata to clarify As detoxification and
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hyperaccumulation mechanism in P. vittata.
Chapter 5 ”Conclusion” summarized all results obtained from in this study.
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CHAPTER 2
Evaluation of As phytoremediation applicability by
As-hyperaccumulator, Pteris vittata in tsunami flooded area in
north-east Japan
2-1 Introduction
The efficiency of phytoremediation was significantly affected by chemical
states of pollutants, soil texture, the component of soil and so on. Also, applicability of
phytoremediation was influenced climate and chemical statement of soil (ex. pH) (US
EPA, 2012). Therefore, before starting phytoremediation at a site, it was necessary to
estimate its applicability and efficiency by checking these environmental characteristics.
Phytoremediation of As contaminated sites had been conducted in many countries and
sites (Vangronsveld et al., 2009; Niazi et al., 2012; Cundy et al., 2013). However in case
of Japan, only a few phytoremediation projects for As contaminated site had been
operated (Kitajima, 2014). In addition, phytoremediation using P. vittata had been
operated in tropical to temperate zones (Gonzaga et al., 2006; Kertulis-Tartar et al.,
2006; Vangronsveld et al., 2009; Niazi et al., 2012), but no such treatment had been
done in subarctic zone farther north. Since P. vittata was originated in tropical and
subtropical zone, it was unclear whether it can adjust the colder climate or not.
On 11th March 2011 in Tohoku region of Japan, more than 500 km2 of the
Pacific coast (Aomori, Iwate, Miyagi and Fukushima prefectures) were devastated by a
tsunami (Geospatial Information Authority of Japan, 2011). The tsunami deposited a
huge amount of sea sediments which included As that had been precipitated at the
bottom of the sea for ages. In the Tohoku region, there are many hot springs and ore
deposits, which include As, that are distributed and were eventually deposited at the
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bottom of the neighboring sea (Geological survey of Japan, 2011). In Japan, the
standard of soluble As in soil set by the Ministry of the Environment in Japan is less
than 10 g/L. However, 137 sites of the tsumani flooded area were investigated, and 45
sites of the soluble As exceeded the standard (Tsuchiya et al., 2013). In particular,
Kesennuma city, located in the north side of Miyagi prefecture, there is an abandoned
mine called Ooya mine. Ooya mine was the second largest gold mine in the Tohoku
region and had been historically operated without proper management of As-containing
sulfide (i.e. pyrite, arsenopyrite) tailings dating back to ancient times. These sources of
As had enriched the level of As in the sea and the river sediments that was deposited
back onto the land by the tsunami. In addition, the collapse of Ooya mine tailings by the
Great earthquake and the subsequent flooding from the 2011 tsunami aggravated As
spreading to an area of 40,000 m2 in size that included residences, rice fields, and a
fishing harbor. For the remediation of such a large area of contamination, the
application of phytoremediation by P. vittata, an As-hyperaccumulator, is one of the
promising methods.
A representative model of phytoremediation using an As-hyperaccumulating
fern that was discovered in a study that involves a site contaminated with copper
chromated arsenate (CCA) (Ma et al., 2001). P. vittata has been investigated in various
As-contaminated soils such as a cattle dip site, in work with CCA, (Cao et al., 2003;
Kertulis-Tartar et al., 2006; Gonzaga et al., 2009) and others (Salido et al., 2003;
Shelmerdine et al., 2009). However, the application to a contaminated site caused by
tsunami sediments, which are affected by salinity, has not been attempted prior to the
present study. Previously, it was reported that in muskmelon, the cadmium
concentration in the shoot was declined in response to incretion of salt concentration in
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soil (Ondrasek et al., 2009). Thus, the interference of salt stress should be considered
when apply P. vittata to the remediation process. Additionally it is necessary that P.
vittata can adapt the climate of north-east region in Japan.
In the present study, the applicability of P. vittata as means of remediating As
contamination derived from tsunami sediments which supposedly affected by seawater
was evaluated through pot and field trials. Two criteria, the salt stress on the growth of P.
vittata and the phytoremediation effectiveness to meet the regulation of As in soil set by
the Ministry of Environment in Japan were especially focused on.
2-2 Materials and methods
2-2-1 Plant and soil material
P. vittata which had approximately 5-6 fronds was provided by Fujita Co.
(Tokyo, Japan). Sporangium were collected from saprophytes. Soil samples and
sporangium were stored under dark conditions at -20 oC and room temperature (RT)
until analysis.
Soil samples were collected from several sites overrun by the 2011 tsunami in
Kesennuma City, Japan. Soil samples were collected from the top layer (3-5 cm depth
for sample sites 2 and 3). Site 2, which was the seashore located downward of the mine
tailings, was chosen as a site affected by both the collapse of the mine tailing and the
2011 tsunami sediments. Site 3, located inland near a river, was chosen as a
single-contamination site that was affected only by tsunami sediment. Site 21 was from
a rice field that was below sea level and was affected only by the tsunami sediments.
Site 22 was from a rice field close to the seashore that was affected only by the tsunami
sediments. Site 23 also was from a rice field that was affected by the sediments.
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2-2-2 Salinity assay of spore germination and growth
Four milligrams of the sporangia were suspended in 1 mL of sterilizing
solution containing 5% of commercial bleach and 0.05% (v/v) Tween 20 and were
mixed thoroughly for a few minutes. After sterilization, the supernatant was discarded
and the sporangia were washed with 1 mL of sterilized water. The sterilization and
washing steps were repeated for four times. The sterilized sporangium were suspended
into 1.8 mL of 0.1% agarose solution. The solution was mixed well by pipetting, and
100 μL of the solution was then spread on 1/2 MS agar plates which contained 50, 100,
200, 400 and 600 mM of NaCl, respectively. The plates were sealed and placed into a
growth chamber under dark conditions (400 lux). Germination was assumed when the
gametophytes were visible on the plate (approximately 50 μm).
The nursery ferns were planted into 10 cm pots and were cultivated for 2 weeks.
Then, the ferns were immersed into 50, 100, 200, 400 and 600 mM of NaCl solution for
10 min while still in the pots. After that, excess liquid was removed by placing the pots
on a towel. Fifty mL of water was supplied three times a week. It was assured that water
had not leaked from the bottom of the pots. Ferns wilting with brown leaves were
collected and the pot soil was subjected to the measurement of electrical conductivity
(EC).
Soil samples 21, 22 and 23, which were soils from rice fields affected by the
2011 tsunami, were directly used for the pot experiment. The total and water-soluble As
of soil samples were determined. The extraction and analysis of these were described
afterwards. The 3-month old P. vittata were planted into a 3.5 L pots containing 2.8 L of
the mixed soil and were incubated under room conditions (RT; light, 3,500 lux) for 35
days. After the cultivation, the ferns were harvested and rinsed three times with tap
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water and milli-Q water respectively, divided into shoots and roots, and were dried in an
oven at 60 oC for 2 days.
2-2-3 Growing test using tsunami sediment
The soil samples 2 and 3 were mixed with peat moss and sand (Tsunami
sediments, peat moss, and sand at a ratio of 5:4:16 by vol.), and the mixed soil (samples
2A and 3A) was subjected to phytoremediation by P. vittata. The total and soluble As of
samples 2A and 3Awere determined.
A 3-month old fern was planted into a 3.5 L pot containing 2.8 L of the mixed
soil and was incubated for 166 days. Pot without plant was prepared as a negative
control. The potted fern was watered 3 times per week. The fern was cultivated at
following conditions: temperature, RT; light, 2,000 lux for 81 days and then 3,500 lux
for 85 days. Then, the ferns were harvested and the roots were rinsed three times with
tap water and milli-Q water respectively, and the fern was divided into shoots and roots
and were dried in an oven at 60 oC for 2 days.
2-2-4 Field location and experimental design
Field trials was conducted in Shichigahama-Town in 2012 defined
Shichigahama-site and Sendai City in 2013 defined Miyagino-site, Miyagi prefecture.
These two sites were flooded by tsunami and tsunami sediments was slightly deposited.
Most of Miyagi prefecture was categorized as humid subtropical climate except
Kurihara City by Koppen climate classification.
The field experiment was operated from middle of May to beginning of
December in each year. Each experimental field was approximately 100 m2, and P.
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vittata was zigzag planted 10 plants in 1 m2 in May. Trial in 2012, half of experimental
field was covered with mulching sheet to prevent weeds growth. Plant samples were
collected each month (n=10), and soil samples were withdrew using hand-soil sampler
(30 cm depth, φ5 cm, Fujiwara Scientific Co., Ltd., Japan) 3 times during the
experiment (start, middle and the end). Finally, all of P. vittata was harvested in the
beginning of December. After the cultivation, the ferns were harvested and rinsed three
times with tap water and milli-Q water respectively, divided into shoots, roots (in 2012)
and rhizome (in 2013), and were dried in an oven at 60 oC for 2 days.
2-2-5 Soil and plant analysis
For total soil As analysis, the soil was dried at 60 oC and passed through a 2-mm
sieve. It was then finely ground with an agate mortar. The resultant soil was pelleted
without non-binder and subjected to X-ray Fluorescence (XRF) analysis (Epsilon 5,
PANalytical), and the modification of the matrix effect was conducted as described
(Takeda et al., 2011; Zhang et al., 2013).
The soluble As was determined based on a method established by the Ministry of
the Environment in Japan. Three grams of 2-mm sieved soil was mixed with 30 mL of
milli-Q water in a 50 mL centrifugation tube. The tube was shaken in 4-5 cm strokes at
RT for 6 h. The tube was then centrifuged at 900 ×g for 20 min. The supernatant was
processed through a 0.45 μm filter and subjected to As quantification. A sequential
extraction of As in soil was also performed to investigate the distribution of As species
in the soil (Wenzel et al., 2001).
The dried plant samples were digested with HNO3 at 130 oC for 90 min.
Digested samples was diluted appropriate concentration, then for all analytical samples,
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HNO3 and 89Y, an internal standard, were added at final concentrations as more than 3%
(volume per volume) and 10 g/L, respectively. Total As concentration was determined
with inductively coupled plasma mass spectrometry (ICP-MS, ELAN9000,
Perkin-Elmer). For soil samples, 115In was used as an internal standard. Water content
was measured as described by the Japanese Industrial Standard (JIS) 165 A 1203. Based
on the results of the water content, soil pH and EC measurements were referred
guidelines from the Japan Geotechnical Society (JGS) 0212:2000, except for 5 g of
dried samples that were mixed with 25 mL of milli-Q water in 50 mL pre-washed
plastic centrifuge tubes. To analyze multi-anions in the soil, analytical HPLC analysis
was performed using a Metrohm 761 Compact IC system as follows: column, Shodex
SI-90 170 (4.0 × 250 mm, SHOWA DENKO KK, Japan); flow rate, 1.0 mL/min;
solvent, 1.7 mM NaHCO3/1.8 mM Na2CO3. A Multi-anion Standard Solution (Wako
Pure Chemical Co., Japan) was used to determine ionic concentrations.
2-3 Results and discussion
2-3-1 Spore germination and growth rate of Pteris vittata under salination
P. vittata has been applied or evaluated for use with various contaminations in
the field. However, its tolerance for salinity remains unknown. The germination
efficiency of P. vittata spores was examined in the present study. Spores germinated
approximately 3 weeks after incubation. The addition of NaCl delayed spore
germination comparing no addition of NaCl (positive control). The germination rate
with 50 mM NaCl declined slightly to compare to the positive control. Besides, with the
addition of 100 mM NaCl, the rate decreased to 20 % even after 49 days of incubation.
Morphological analysis of the gametophytes revealed that under 100 mM NaCl addition,
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the size of the gametophytes were smaller than those under 0 and 50 mM NaCl addition.
Moreover, a morphological defect was observed under 200 mM NaCl. Salicornia
rubrato, a salt-tolerant plant, retained a high germination rate even under 200 mM NaCl
conditions (Ajmal et al., 2000). The moderately high salt tolerance of fern, Acrostichum
aurem L., has been investigated where it was shown that gametophytes of it grow well
in the range of 0.2-0.5 % (34.2-85.6 mM) NaCl and could not survive at 342 mM (Li et
al., 1998). By contrast, Arabidopsis thaliana as a normal plant, the germination rates
after 5 days of seedling were 50 and 0 % with 50 and 100 mM NaCl, respectively
(Vallejo et al., 2010). The results of this study suggested that although P. vittata didnot
perform high salt tolerance as salt-tolerant plants do, its salt tolerance was higher than
normal plants.
After immersion of the pots into various concentrations of NaCl solutions,
growth inhibition was observed with the ferns immersed in 400 and 600 mM solutions
on the fifth day. The soils from these pots exhibited high EC as expected. On the 10th
day, the fern with 200 mM of NaCl was still survived, while some symptoms which
included a yellowing of the leaf tips, the wilting of the fern, and growth inhibition were
observed. The ECs of the soils were proportional to the concentration of the NaCl
addition. Ferns absolutely did not grow in soil with more than 111 mS/m of EC. Growth
inhibition was also observed with 66.2 mS/m of EC. Generally, 30 mS/m is
recommended for use in rice cropping. For the efficient removal of As from soil, a large
biomass is preferred. Thus, it is not recommended to plant ferns in more than 66.2
mS/m of EC. The sediments deposited by the 2011 tsunami were classified into several
types. One was a sandy layer approximately 3-5 cm thick. Another was the muddy layer
of the sediment that had formed above the sandy layer (sample 21). The 2011 tsunami
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not only deposited sediments, but also washed away the soil originally present in the
field or deposited soil from different places. In some sites where it was hard to
recognize deposited soil or tsunami sediments from original soil (samples 21, 22, and
23). In the salinity test with As-contaminated soil from a rice field, the fern in sample
21 had much more blighted fronds compared to samples 22 and 23 had after 30-day
growth. Sample 21 exhibited a distinctly high EC at 79.5 mS/m among these soils. This
result was in good agreement with the results shown in the immersion experiment where
an EC of more than 66.2 mS/m was not suitable for fern growth.
2-3-2 As uptake by Pteris vittata from tsunami sediment
The soil As concentrations were relatively higher than the mean values for As
in Japanese soil at 11 mg/kg-DW (Mandal and Suzuki, 2002). Particularly, sample 2
which As content reached 120 mg/kg probably due to the Ooya mine that was near the
site. As distribution was also investigated by sequential extraction, and As was the most
abundant in the residual fractions for samples 2 and 3 (55.9 and 71.3%, respectively).
The crystalline hydrous oxide-bond-associated As was the second most abundant type
(33.1 and 21.7%). The exchangeable and Pi exchangeable fractions were 0.244 and
10.8% for sample 2 and 1.08 and 5.9% for sample 3, respectively. The soluble As was
only at 0.0453 and 0.182% for samples 2 and 3, respectively. In the present study, the
soluble As of some of the sampled soils were below the permitted level in Japan.
However, the appreciable amounts of the soluble As can easily exceed the permitted
level by transformation of exchangeable As caused by the alteration of environmental
conditions or weathering. Thus, these sampled soils were also used to evaluate
phytoremediation by P. vittata.
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Soil samples 2 and 3 which included tsunami deposits and contained
substantial amount of As were chosen for the phytoremediation experiment. P. vittata
grown in samples 2A and 3A exhibited different levels of growth after 166-day growth.
The fronds of sample 2A were fewer than that of 3A, and were light-colored and
yellowish. In addition, the growth of sample 2A was slower than that of sample 3A.
Thus, the biomass of sample 2A was twice as small as that in sample 3A. Other
elements, which possibly affected plant growth, were investigated with respect to the
water-soluble fraction. It was worth noting that soil sample 2 contained high sulfate at
154 mg/L. Thus, it was probable that the growth inhibition in sample 2A was caused by
high sulfate derived from sulfate minerals in mine wastes of Ooya mine. It was verified
that the growth of the fern was not inhibited by salt stress from tsunami sediments,
though the inhibition by other ionic species (ex. sulfate) were expected.
The As accumulation, the translocation factor (TF), and the bio-concentration
factor (BF) of P. vittata in the present study were all higher than they were in our
previous study (Dr. Huang, personal communication). In our previous study, the fern
was planted in soil contained As as 43.5 mg/kg, and the As accumulation was recorded
as170 mg/kg DW. Additionally, compared to previous studies, TF and BF were ranged
from 0.21-7.43 (Wei et al., 2006) and 0.58-23 (Ma et al., 2001; Wei et al., 2006),
respectively. It is clear that As was efficiently transferred and accumulated in the shoots
of sample 3A. As accumulation in the shoots of sample 3A was higher than that in
sample 2A, whereas As concentration of soil are similar. Thus, the low accumulation in
sample 2A was caused by the low production of biomass. It is clear that sample 2A was
not a suitable candidate for phytoremediation.
In previous studies, the most efficient uptake for the fern occurred with
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soluble/exchangeable As in As-spiked soil, and with iron-bonded As in
CCA-contaminated soil (Cao et al., 2003). The soluble fractions are the first to be
absorbed by the plant, as these are the most available. The other fractions are in part
slowly transformed to soluble form, an equilibrium is re-established (McGrath et al.,
2000; Gonzaga et al., 2008). The plant certainly absorbs the water-soluble fraction the
most easily, although it is also able to absorb As associated with amorphous hydrous
oxides. The residual fraction contained abundant sulfide-bond As (Wenzel et al., 2001),
which is degraded by weathering as eluted As (Mandal and Suzuki, 2002). In the
present study, there were no substantial changes in the relative abundance of
exchangeable, Pi exchangeable and oxidized fractions after treatment by the fern. It was
clear that the characteristics of the soil had not been changed by weathering. Thus, in
the 5 month experiment, the change in water-soluble As was focused on and
investigated after treatment. Compared to the negative control (no-plant with No.2A and
No.3A), the soluble As of the soil without planting got increased after 5 months. The
sediments brought by tsunami had been deposited under anaerobic condition in the sea.
Therefore, atmospheric weathering (oxidizing conditions) might have slightly enhanced
the availability of the elements (Tiessen, 2011), though it was not enough to change the
relative abundance of other fractions. The accumulated As in the fern was counted as a
soluble fraction removed by the fern. After cultivation with the fern, the soluble As was
increased since the root elongation provided air to reach into the soil, it enhanced in the
weathering of the soil and the resultant elution of As, or organic acids such as phytic
acid or oxalic acid from the roots of the fern (Tu et al., 2004). In soil sample 2A, where
growth inhibition was observed, there was no change in soluble As in the soil. However,
the soluble As in soil sample 3A had declined. Thus, it is suggested that the rate of As
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absorption was higher than the increasing of soluble As production from weathering
during the experiment, and that the normal growth of the fern reduced the soluble As in
the soil. In this experiment, the amounts of As accumulation was not large since growth
conditions such as light intensity were not optimized. A similar experiment for 3 months
under sunlight resulted in a 6.0-fold higher biomass production in the shoot of sample
23 and a 4.3-fold larger amount of As accumulation in the fern (Sugawara et al., 2013).
Therefore, soluble As of sample 23 was expected to pass permission level within 2 year
treatment.
Since tsunami sediments were brought up from anaerobic to aerobic condition,
bioavailable As has been increased as time goes by. It was considered that As valency in
soil had been changed from AsIII to AsV. Because of this, As in soil changed easily
absorbed form was expected. However, it was difficult to determine As valency in soil.
Furthermore, the amount of bioavailable As in the soil was less than those absorbed by
the fern. Moreover, the fern is capable of further accumulation judging from its normal
accumulation (22,630 mg/kg). Thus, the applicability of phytoremediation of As
contaminated tsunami sediment by P. vittata is expected.
2-3-3 Biomass and As accumulation of Pteris vittata in field trial
Six months cultivation of P. vittata in tsunami flooded site was performed in
2012 and 2013. Field trials in 2012, shoots biomass was exponentially increased from
September to the end of November. Increment of roots biomass was the same tendency
as the shoots. Comparison with mulching sheet area and the other, the biomass of
mulching sheet area was higher than the other area. Weed growth was inhibited in
mulching sheet area, but growth of P. vittata was inhibited by weed in the other area. On
28
the other hand, field experiment in Miyagino, 2013, shoots biomass was gradually
decreased from September to the beginning of December. In this year, the field was
sometimes inundated by heavy rain and the fern was wilted at the harvest by cold
weather. Comparison with the biomass per 1 m2 of this field trials and previous studies.
In the previous trial in Japan, harvested P. vittata biomass was approximately 400 g/m2
(personal communication, Dr. Kimajima) where the phytoremediation was conducted in
south of Kanto-region. Farthermore, the fresh biomass was over 1500 g/m2 in the
tropical zone and 810 g/m2 in mild and humid climate zone, Australia. (Ma et al., 2001;
Niazi et al., 2012) It was considered that the impact of salinity and ions based on
tsunami was limited in this condition from results. Thus, The growth of biomass was
mainly affected by climate and rainfall. From our results, fresh biomass was estimated
almost the same as previous studies on overseas. It was considered that growth of P.
vittata in tropical area was better than temperate zone due to origin of P. vittata was
tropical zone. However in case of Japan, Maximum biomass of Shichigahama-site was
at the competitive level with previous studies south of Kanto region. It was suggested
that P. vittata can be grown in north-east region of Japan, but it produces slight inferior
biomass than it does in warmer region where P. vittata can grow all the year round.
As concentration of P. vittata in 2012 and 2013 were almost the in range of 20
-10 mg/kg DW and As concentration of most parts was gradually increased. However,
in 2013, As concentration of upper rhizome was suddenly increased in autumn.
Percentage of As amount in upper rhizome was significantly increased in November.
Similar phenomenon were also reported by Huang et al. (2014), which reported that As
concentration in shoots was decreased from autumn to winter, and the As concentration
of rhizome was increased. Also, As contents of each parts showed the same tendency. It
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was considered that this As concentration and content changes were related to As
translocation from shoots to rhizome. Sato et al. (2008) also reported that As
translocation of mature shoots to emergent shoots in pot experiments. However, it had
not been reported that As translocation from shoots to rhizome in field trial.
2-3-4 Characterization of As chemical form in soil in the field
As concentration and chemical form of As in field during trials was also
investigated. In 2012, water eluted As and chemical form were observed. Water eluted
As was over or around 10 g/L which was environmental regulation of Japan, however
it was significantly decreased after 6 months trial in both site. In contrast, total As
concentration and chemical form (exchangeable, phosphate-exchangeable, oxide form
and residue) were hardly changed. This result suggested that P. vittata mainly
accumulated water soluble As from soil, but ratio of water eluted As was very small in
total As contents in soil (less than 1% of total As). Thus, total As concentration did not
decrease by fern plantation. Previous studies reported that water soluble As and CCA
accumulated by P. vittata (Cao et al., 2003; Salido et al., 2003; Kertulis-Tartar et al.,
2006; Gonzaga et al., 2009; Shelmerdine et al., 2009). Material balance of As uptake by
plants and water soluble As decline from soil was calculated as dividing water eluted As
decline in soil which meant surface to 15 cm depth (typical rhizosphere range) by
amount of As uptake by the fern at harvest. As uptake and decline were almost in same
level. It was suggested that P. vittata accumulated mainly water soluble As in soil. Water
eluted As was at high risk of human health because it was easy to elute fraction (Mondal
et al., 2013). Therefore, phytoremediation using P. vittata for As contaminated site was
effective to inhibit the As elution from soil.
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In 2013, Water soluble As concentration was gradually decreased from May to
December. However, the fern growth in 2013 was half to one third comparing to 2012.
Thus, diminution of water eluted As in 2013 was smaller than its in 2012. The
determination of changing As chemical form in 2013 was omitted since it did not
change in 2012. Material balance of As uptake and decline was almost 100% in 2013
which was calculated at same way in 2012. In this year, also material balance of As
uptake and decline showed nearly 100% same as 2012. It also means the fern absorbed
water soluble As in soil efficiently. P. vittata could accumulate water soluble As
efficiently even though As concentration of shoots was clearly lower than As
accumulation potential of the fern. Some previous studies suggested that As elution
amount was accelerated by microorganisms in rhizosphere. (Huang et al., 2010; Ghosh
et al., 2011) Our previous report which performed As accumulation test by P. vittata
using tsunami sediment showed that total As concentration was reduced approximately
20% by fern plantation. (Sugawara et al., 2013) No change of As chemical form might
be due to long time weathering and small content of tsunami sediment in this site. On
the other hand, percentage of tsunami sediments or activity of microorganisms were
high, efficient As erosion from soil and accumulation by P. vittata was expected.
2-4 Conclusion
The applicability of As phytoremediation using P. vittata for tsunami flooded
area and north-east region, Japan was evaluated. For salinity tolerance assay and
growing test using tsunami sediment mixture, P. vittata could germinate and survive in
average salt tolerance. High concentration of SO42- could prevent the growth of fern, but
the another conditions in tsunami sediments (pH, EC and the other ions ex. Cl-) did not
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affect so much. Water soluble As in sediments could be accumulated by P. vittata in the
pot experiment. In the field trials, water soluble fraction of As in soil was significantly
decreased by fern plantation. Additionally, biomass production of P. vittata in north east
region was competitive comparing with previous study in Kanto region, Japan.
Therefore, it was demonstrated that phytoremediation to As contaminated site in
north-east region of Japan by P. vittata was possible and effective. In the field
experiment, As translocation from shoots to rhizome was observed. This phenomena
had not been report so far in field experiment and also the mechanism had not been
studied. If As translocation happens constantly, it may affect As phytoextraction
efficiency. It was necessary to clarify that the detail of As translocation mechanism and
As hyperaccumulation system in P. vittata for efficient phytoextraction.
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CHAPTER 3
Evaluation of translocation of accumulated As in Pteris vittata andAs
efflux from roots
3-1 Introduction
As is generally acquired by plants via one of following two mechanisms. In
aerobic soil conditions, As is taken up as arsenate (AsV) via the inorganic phosphate (Pi)
transport system due to the chemical resemblance between Pi and arsenate (Meharg and
Macnair, 1992). In anaerobic soil or aqueous conditions, plants take up arsenite (AsIII),
a reduced form of AsV, via membrane transport facilitated by a protein of the aquaporin
family (Bienert et al., 2008). AsV is rapidly reduced to AsIII upon absorption by root
cells. AsIII is then exported from cells, accumulates in the external medium (Su et al.,
2008; Huang et al., 2011), and is sequestered into the vacuole as thiol-conjugated As
compounds, or is translocated to shoots via the xylem (Su et al., 2008). AsIII is also
sequestered into foliar vacuoles as AsIII-thiolate conjugates (Zhang et al., 2004;
Pickering et al., 2006). In all plant tissues, AsIII covalently binds to proteins and AsV
binds to lipids. As a consequence of these mechanisms, As becomes less mobile and less
toxic to plant growth. However, detail of the remobilization of As within plants has not
been fully characterized to date.
Pteris vittata, a fern more commonly known as Chinese brake, is therefore
valuable for the examination of plant-As interactions. As with non-hyperaccumulator
species, P. vittata takes up As predominantly in the AsV form with proportionally less
acquired as AsIII. Experimentally, uptake of AsV by P. vittata was dependent on
P-starvation, which provided evidence for uptake via the Pi transport system (Wang et
al., 2002; Poynton et al., 2004). By contrast, AsIII uptake was not dependent on
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P-starvation (Wang et al., 2002; Poynton et al., 2004). Furthermore, some As in both
forms was excreted from roots. After absorption, the majority of AsV was reduced to
AsIII and translocated to fronds via the xylem (Su et al., 2008). However, unlike in
non-hyperaccumulator species, As was not present as thiol conjugates. Additionally, As
concentration in mature fronds of P. vittata was decreased in harvesting stage in the our
field trial (Sugawara et al., 2013; Huang et al., 2014). It was also considered effect of As
translocation to As decline in shoots.
In plants, nutrient elements except carbon are generally acquired from soil and
water and are redistributed to other developing organs. For example, nitrogen is taken
up from the soil as nitrate and ammonium ions. These ions are then transported to
shoots via the xylem before distribution to the foliage and incorporation into molecular
compounds. Phloem transport concurrently redistributes nitrogen from the leaves
(source organs) to other organs (sink organs). Efflux and influx levels are balanced in
mature organs, but efflux is higher than influx in senescing organs (Taiz and Zeiger,
2004).
In addition, Ca is an inevitable element for plant growth, and is widely utilized
for various reactions in plants such as the normal functioning of plant membranes and
the mitotic spindle during cell division, and it is a second messenger for various plant
responses to both environmental and hormonal signals (White and Broadley, 2003). Ca
is present in relatively high concentrations (Rengel and Zhang, 2003) at an average of
1.5 mM, which exceeds what is considered to be optimum for plant growth (Bloom,
2006), i.e., in potato leaves, no Ca deficiency was observed over 4,500 mg/kg DW
(Seling et al., 2000). In contrast to other macronutrients, most Ca is distributed in the
cell wall and in the apoplasm (Seling et al., 2000; White and Broadley, 2003), and the
39
science of the cell wall shows multiple binding sites for Ca, particularly in the carboxyl
group of pectin in the middle lamella (White and Broadley, 2003). The Ca content of the
apoplasm accounted for 1-2.6% of the total Ca in the young leaves of potato plants
(Seling et al., 2000). However, Ca levels in the cytoplasm is fairly low compared with
that found in the cell wall and in vacuoles. Under resting conditions, Ca2+ concentration
in the cytoplasm is maintained at a relatively low level of between 100 and 200 nM,
which is 103-fold less than that in the apoplastic fluid and 104 and 105-fold less than that
in cellular organelles. Several types of membrane transport proteins are involved in
maintaining a low concentration of Ca2+ in the cytoplasm by pumping it into
intercellular organelles or by pumping it out to the apoplasm. In response to various
environmental stimuli or hormonal signals, Ca2+ functions as a second messenger
(Lecourieux et al., 2006) and [Ca2+] perturbations occur, i.e., under oxidative stress,
Ca2+ increases, and peaks at several M after a few minutes before decreasing to the
basal level (Lecourieux et al., 2002). The source of Ca2+ for an increase in cytoplasmic
Ca2+ activity under oxidative stress is partly extracellular, in the cell wall and apoplasm,
as well as intracellular, in the vacuole and endoplasmic reticulum (Rengel and Zhang,
2003).
Ca is relatively immobile in the phloem (Simon, 1978). In general, Ca in the
plant is supplied through xylem transport and is not redistributed to other parts of the
plant by phloem transport. Therefore, a local deficiency in Ca within plants is
sometimes observed (Simon, 1978). Characteristic symptoms of Ca deficiency include
the necrosis of young meristematic regions, such as the tips of roots or young leaves,
where cell division and wall formation are most rapid (Bloom, 2006). There are also
reports of 14C-labeled photoassimilates being restricted and concentrated in the phloem
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of the stem during periods of Ca starvation (Schulte-Baukloh and Fromm, 1993), and
Ca is suggested to be a necessary factor in the regulation of phloem translocation
(Schulte-Baukloh and Fromm, 1993).
Recent studies have shown that there is a negative correlation between Ca and
As distribution in the pinnae (leaflets) (Kitajima et al., 2008). Ca and As amounts in the
fronds (leaves) have also been shown at the cellular level (Hatayama et al., 2010; Lombi
et al., 2002). As was significantly more abundant in the upper and lower epidermal cells
than in the palisade and spongy mesophyll, whereas Ca was more abundant in cells of
the mesophyll and palisade. In contrast to Ca, a significant positive correlation was
found between the concentration of As and K at the cellular level in the upper epidermis.
In Phseolus vulgaris, heavy metal stresses such as lead and zinc decreased the number
of Ca oxalate accumulation in leaves (Jáuregui-Zúñiga, 2005).
X-ray scanning analytical microscopy (XSAM) analysis showed that As
accumulation in a mature pinna was not higher than that in a young pinna. It is not clear
whether a high As count leads to low Ca in a pinna (Hatayama et al., 2010) or whether
Ca plays a role in phloem translocation. It might be possible for a frond with a low Ca
count, such as in younger fronds, to accumulate a high As count, because a Ca
deficiency is generally observed in the newly synthesized tissues of some plant species
(Simon, 1978). Previous researchers have reported that younger fronds can accumulate
more As than mature fronds (Bondada et al., 2004).
Previous studies were unable to track As accumulation in P. vittata shoots due
to the unpredictable nature of As relocation when absorbed from roots (Su et al., 2008;
Huang et al. 2011). On the other hand, P. vittata could absorb and accumulate As via
foliar application (Bondada, 2004). Thus, it would appear that foliar application enables
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the accumulated As in shoots to be accurately tracked. To clarify As hyper-accumulation
in P. vittata and efficient phytoremediation, behavior of As in P. vittata was necessary to
demonstrated. In the present study, we used pulse-chase and foliar application of As to
examine the redistribution of accumulated As in P. vittata shoots. The effects of As
species and plant P-status on As-phloem transport were also investigated. Additionally,
Ca accumulation in plant organs such as the pinna, the frond, and the root, were
investigated during As exposure by foliar application both in soil and in hydroponics
cultivation in order to assess the Ca mobility and behaviour in response to As
accumulation and phloem translocation.
3-2 Materials and methods
3-2-1 Plant materials
P. vittata plants at the 5–6 frond stage were provided by Fujita Co., Ltd. and
were acclimatized in soil (sand and peat moss, 4:1 v/v). The fern was cultivated in
growth chamber (NK systems, Japan) till growing the size of P. vittata suited to the
experiment in following conditions: humidity: 70-80%. Light period: 27oC, 16 h, 10,000
lux; dark period: 22oC, 8 h, 0 lux.
3-2-2 As translocation test under hydroponic condition for a day
To confirm translocation of As from fronds to other plant organs, As-foliar
applications were applied to plants in soil as described previously (Bondada et al., 2004;
Djanaguiraman et al., 2010). Briefly, 0.2 mM EDTA containing 400 mg/L AsV or AsIII
(for preservation of As species in solution (Samanta and Clifford, 2005)) was sprayed
six times onto the adaxial and abaxial sides of one frond per plant. The container, soil,
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and other fronds of the fern were covered with aluminum foil to prevent As exposure.
Spraying was conducted within a closed container and As from aluminum foil and the
container was collected and quantified. The amount of As applied to fronds was
estimated by subtracting the As from the container and foil from the total amount
dispensed during spraying. As-foliar application in hydroponic ferns, plants cultivated
in soil were transferred to vessels and hydroponically cultivated for 2 weeks as
previously reported (Hatayama et, al. 2011). AsV or AsIII was then sprayed on 2 of
similar sized fronds as in soil-cultivated plants. After application of As to foliage, As
concentration was monitored in the hydroponic solution for 24 h. After this period, As
concentrations in the fronds and roots were quantified by ICP-MS. As-sprayed fronds
were washed three times with distilled water before As quantification. To preserve As
species, root samples were rinsed three times with 1 L of 2 mM potassium phosphate
buffer (KPB; pH 6.0) containing 0.2 mM EDTA (pH 8.0) and blotted dry as described
previously (Hatayama et al., 2011). Rinsed roots were frozen in liquid N2 and ground
using a pestle and mortar. Powdered samples were combined with 30 ml of 2 mM KPB
(pH 7.0) with 0.2 mM EDTA (pH 8.0) and sonicated for 1 h. Sonicated samples were
centrifuged to remove debris and the supernatant was filtered through a 0.45 m pore
nylon membrane. Filtrates were subjected to an As speciation column and analyzed for
AsIII concentration. AsV concentration was determined from the difference between the
total As concentration of the raw sample and the As concentration of the filtrate. As
concentration in liquid samples was determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) as previously described (Huang et al., 2011; Sugawara et al.,
2014).
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3-2-3 As translocation test under soil cultivation for a month
For soil-cultivation, P. vittata had been cultivating with P supplied water or tap
water for 2 weeks. 400 mg/L AsV or AsIII was sprayed to the ferns in the same way of
hydroponic experiment. To estimate time course As translocation, it was reported that
concentrations of As in a frond are similar between pinnae (Lombi et al., 2002).
Therefore, each week, one pinna was collected from the upper half of non-sprayed
fronds and used for As quantification. After 4 weeks cultivation, mature and emergent
fronds were harvested and As concentrations determined using ICP-MS as described
above.
3-2-4 Examination of As transportation pathway after translocation
To investigate the unloading of As in sink organs (fronds), As concentration in
the apoplasmic space of the non-sprayed fronds was determined after As-foliar
application on half fronds as described above. After 24 h, non-sprayed fronds were
collected and the apoplasmic solute was collected as described previously (Seling et al.,
2000). Briefly, a single frond was soaked in 30 ml of 5 mM MES (pH 6.0) under
negative pressure (1.170 mbar) for 5 min. The superfluous solution on frond surface
was removed by blotting and the frond was then centrifuged at 4°C, 1000×g for 10 min.
The resultant solutes as intercellular solution were subjected to ICP-MS analysis for As
quantification. Separate fronds were used for quantification of chlorophyll contents
(Hatayama et al., 2010).
3-2-5 Comparison with As and Ca concentration and localization during As
translocation
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Concentration of Ca in both hydroponic and soil cultivated samples were
determined with ICP-MS the same way as As analyze. For XSAM (XGT-7200V, Horiba
Scientific, Japan) analysis to investigate localization of As and Ca in pinna, the leaflets
were collected from ferns grown in 100 mg/L-As-spiked half strength of Hoagland
solution for 2 weeks and were subjected to XSAM analysis carried out with an X-ray
generated from an Rh anode under the following conditions: 30 kV and 1 mA. The
incident X-ray generated a fluorescence X-ray of elements on the sample surface, and
elemental distributions of the sample were determined.
3-3 Results and discussion
3-3-1 As translocation and efflux from roots in hydroponics
To check the material balance of As after As-translocation from As-exposed
fronds to other organs, As-foliar application was conducted in hydroponic ferns in 24h.
As was measured in the culture solution and in plant organs throughout the experiment.
Of the applied As, over 90% was recovered in the AsV sprayed (AsV), AsIII sprayed
(AsIII) ferns, respectively. During the 24h after exposure, moderate amount of the As
was absorbed by the exposed fronds in the AsV, and AsIII plants, respectively. The
majority of the As was translocated to other organs in the AsV, and AsIII plants,
respectively. In plants exposed to AsIII, translocation to non-exposed fronds was higher
than translocation to roots, but the reverse effect was observed in plants treated with
AsV. As concentration of non-As exposed fronds, roots and medium during 24h was
investigated in hydroponics. As concentration in the fronds were gradually increased up
to 24h. Additionally, As concentration in roots were slightly increased during 24h
compared to initial As concentration, but the elevated range of As concentration was
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less than that in fronds. Even in 24h, As translocation of As exposed frond to other
organs was clearly observed. However, As concentration of medium remained
consistently less than 1 g/L, which suggested there was very little As excretion from
roots to medium. It was clarified that As present in frond was translocated roots and
other fronds, however As was not excreted from roots.
3-3-2 Characterization of behavior of As translocation in soil cultivation
To assess phloem translocation of As from exposed to non-exposed fronds,
AsV or AsIII was sprayed onto a single frond and foliar As was monitored weekly in
several fronds. AsV was incorporated into fronds and subsequent translocation of As
was observed in some, but not all, fronds. In AsV or AsIII-sprayed frond, absorption of
As was enhanced but foliar As gradually decreased with time, indicating that As efflux
was more rapid than influx in this frond. For some fronds, As influx was observed that
terminated within 2 weeks. In the fern sprayed with AsV, some frond developed 1 week
after spraying and accumulated As. The As concentration in some frond subsequently
decreased with time. Conversely, although biomass in another frond remained stable for
the duration of the experiment, the As concentration within frond 2 and 3 increased and
decreased in a similar manner to that in the some frond. It suggested that the increasing
and decreasing of As concentration in frond was not only an effect of variation in
biomass, but also translocation of As. As efflux rates were estimated. The percentage of
total efflux amount in maximum concentration was also evaluated. No correlation was
observed between P and As influx or efflux. In the soil cultivated fern, As translocation
of As sprayed frond to other frond was clearly shown. Additionally, increase and
decrease of As concentration in frond was affected more As translocation than biomass
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growth.
After 1 month cultivation, As and P concentration of mature fronds and
emergent fronds was observed. Comparison with mature fronds and emergent fronds, As
concentration was obviously higher in emergent than in mature fronds. However, there
was no significant difference between P concentration in mature and emergent fronds.
This result also clearly showed As translocation from mature fronds to emergent fronds
occurred same as pulse-chased experiment.
3-3-3 As transportation pathway after translocation in frond
To investigate As distribution in sinks (non-exposed fronds), the apoplasmic
solutes of sink fronds were collected and analyzed after As-phloem translocation. The
apoplasmic solute volume from each frond was <100 L. Apoplasmic As levels were
compared with frond As levels. The chlorophyll contents of fronds were measured and
the apoplasmic solutes of fronds that exhibited similar chlorophyll contents were used
for comparison. Nutrient elements, Ca and K, were used as controls for As. In the
apoplasmic solutes, Ca concentrations were in the range almost same as noted
previously (Sattelmacher, 2001; Lecourieux et al., 2006). Hence, it was demonstrated
that the solute was thought of as apoplasmic solute, and the extraction method was
reasonable. However, Samples with high apoplasmic K were omitted from the analysis
because of the K concentration exceeded common apoplasmic solute level as this was
indicative of cytoplasmic leakage. Some fronds exhibited no As accumulation while
others accumulated As levels were determined, which may due to the different condition
of fronds. In addition, There was no correlation between As concentration and
chlorophyll content in the frond. Additionally, P supply and starvation did not affect As
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translocation and As concentration in apoplasmic solute. Apoplasmic As levels were
several-fold lower than frond As levels. Previous research suggests that post-phloem
transport in sink leaves occurs predominantly via symplasmic pathways (Roberts et al.,
1997; Imlau et al., 1999; Haupt et al., 2001), but that apoplasmic pathways are
predominant in some plant types and developmental stages (Koch and Avigne, 1990;
Zhang et al., 2004; Zhang et al., 2006). The higher relative As levels in the tissue of
frond compared to the apoplasm suggested that As was unloaded via symplasmic
pathways under the experimental conditions used in this study.
3-3-4 Evaluation of relationship between As and Ca under hydroponics
After the As-foliar application to fronds 1-5, Ca accumulation in the pinnae of some
fronds not exposed to As was investigated at 6, 12 and 24 h during the experiment. All
pinnae were collected from each frond as described above. The appearance of the fronds
had not obviously changed during the 24h experiment. In the experiment, a slightly low
Ca accumulation was observed in the pinnae. Time-dependent changes in both Ca
concentration and Ca amount either decreased or were constant during 24 h in contrast
with the experiment in soil cultivation. There was no significant correlation with the
change in As and Ca levels of the pinnae.
Furthermore, Ca accumulation was investigated for all the fronds, both spayed and
non-sprayed, roots, and the medium for 24 h. Ca accumulation in the root was similar.
When we compared the fronds and pinnae, Ca accumulation was higher in the fronds
than in the pinnae, which was opposite to the results of the soil experiment. Furthermore,
similar to the soil experiment where Ca levels in the fronds directly exposed to As by
foliar application was relatively low, the fronds directly exposed to As had lower
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averages of Ca accumulation than those not directly exposed to As, whereas there was
no significant difference individually between the fronds. However, there was a strong
positive correlation for the Ca and As content among the fronds under all experimental
conditions. A typical X-ray fluorescence spectrum of the entire area of a pinna. The K,
Ca, Si, Cl, and As can be clearly confirmed from the spectrum. The integrated intensity
for each element was calculated from the spectrum and normalized by the intensity of
the Compton scattering peak. Elemental mapping of the measurement area was obtained
from the normalized intensity of each element in the ferns after cultivation for 11 days.
Two-dimensional XRF imaging was obtained for the pinnae and fronds. The elemental
map of As, K, and Ca is showed. Each image indicates the relative distribution of the
specific element, therefore, the concentration scales varied for each image. The intensity
of X-ray fluorescence is approximately linear in relation to the concentration of the
target element when its concentration is low. As failed to reach the top half of the top
pinna as it was torn. As distribution in the frond was not uniform, as was observed
previously (Hatayama et al. 2011). An optical image of the frond showed necrosis at the
margin of the fronds where the As had localized to it (data not shown). The white spots,
which can be observed at the margin of the fronds, were identical to the Ca distribution
in the fronds. XSAM analysis showed that potassium, which is necessary for various
physiological reactions, completely disappeared from the fronds, whereas it was
uniformly distributed in the pinnae of the negative control. XSAM analysis showed that
a pinna loses Ca from the tissue by the As accumulation in it, and some of the Ca was
either excluded from the possible leaf hydathode or it had accumulated in the rachis,
whereas K had been removed completely from the other organs. Potassium regulates the
osmotic pressure and enzymatic activity of photosynthetic and respiratory processes of
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cofactors and proteins. Because potassium can be mobilized to younger leaves, K
deficiency appears initially on the more mature leaves (Bloom, 2006).
3-3-5 Evaluation of relationship between As and Ca under soil cultivation
After the As-foliar application to frond No.1, Ca accumulation in the pinnae (fronds
No. 1-9), which was raised before the As exposure, was investigated weekly. Every
pinna was collected from the top half of each frond where the As and Ca concentrations
(data not shown) were similar (Lombi et al. 2002). The Ca levels in pinnae collected
during the experiment were determined, which almost agreed with the amount required
for normal plant growth (Bloom, 2006). Overall, some pinnae that accumulated
significant amounts of As, accumulated less Ca than the other pinnae investigated.
Time-dependent changes in the Ca level of the fronds (in the pinnae) showed most Ca
either increased or remained constant during 4 weeks. This was because Ca was
available through the xylem sap in this experiment. In some fronds, which mostly
showed an obvious As accumulation, a negative correlation was observed between the
changes in As and Ca accumulation during 4 weeks. As in the frond increased during
the development of the frond and then decreased after maturation. In contrast with the
change of As accumulation, Ca was initially decreased and then increased afterwards in
some fronds. There was no difference between AsIII and AsV exposure as far as the
change in Ca concentration in fronds was concerned, whereas P+ treatment easily
tended to supply Ca to the younger fronds. Young fronds, which were not fully
expanded, accumulated comparatively higher Ca in the pinnae.
After 4 weeks, all the fronds were collected and the As and Ca concentrations in
them were measured. Ca concentration in all the fronds was also estimated. The Ca
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accumulations were relatively lower for the fronds raised during the experiment than
those raised before the experiment, which agreed with the fact that a newly synthesized
leaf usually shows a Ca deficiency (Simon 1978). The Ca accumulation was lower in
the fronds than in the pinnae. For example, the Ca level in some pinna of the AsV+P-
treated fern at 4 weeks was higher than that of some frond. Among the fronds raised
before the experiment, those exposed to As by foliar application exhibited
comparatively lower As content. Relative Ca levels were similar in both the pinnae and
the fronds showed lower Ca concentrations compared with the pinna. In most cases, we
found a negative correlation between Ca and As concentration in the pinnae and fronds
collected from ferns, whereas the curve didn’t fit well with previous reports (Hatayama
et al. 2011). Some pinnae accumulated both As and Ca at a low level, but no pinna
accumulated both elements at a high level.
Ca is supplied to leaves through the xylem. Once in the leaves, Ca tends to remain
there, accumulating as the leaves age. Although Ca is not generally re-distributed from
source organs to sink organs through the phloem, Ca is reportedly reduced by metal
stress in Phseolus vulgaris (Jáuregui-Zúñiga, 2005). Also, in Poplus termula × Populus
tremuloides, Energy Dispersive X-ray analysis has revealed a Ca increase in the phloem,
cambium, and the xylem elongation zone with increasing Ca supplies in a nutrient
solution. A strong temporary increase in Ca concentration in the cambium and in the
phloem during the period of reactivation has also been observed with beech (White and
Broadley, 2003).
In Poplus, Ca also regulates phloem translocation (Schulte-Baukloh and Fromm,
1993). 14C-assimilates were strongly reduced in the phloem of the stem during Ca
starvation in a poplus plant. The phloem transport is predominantly determined by
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transport processes at the sink site (Patrick, 1990). There also is the possibility that the
inhibition of phloem unloading along the Ca-deficient Poplus stem could also reduce
the phloem loading process.
Previously, we showed As translocation from frond to frond and to the root in P.
vittata by foliar application. In the present study, Ca mobility and distribution were
investigated during As accumulation and translocation. During a 4 week-As-exposure to
one frond in the soil experiment, the As in some of the non-exposed fronds initially
increased and then decreased, while the Ca in those fronds was adversely decreased and
then increased simultaneously. In the soil experiment, the Ca exported from the pinnae
was evident based on the similar percentages in the reduction in Ca concentration and
Ca amount. For example, Ca amounts in the pinnae of frond 6 were decreased to 68.6%
from the initial level 1 week into the experiment where Ca concentration had decreased
to 59.7%. Thus, it is suggested that a reduction in Ca concentration in part relies not on
the growth of the pinnae tissue but on Ca export from the pinna. The Ca export from the
pinna was more apparent in the hydroponics experiment where changes in Ca
concentration and Ca amount in the pinnae were closely linked. However, it is possible
to consider that Ca had simply been transported from one pinna to the rachis (midrib of
frond) or to other pinnae. Although the Ca concentration in the rachis was lower
compared with that in the pinnae without As exposure, XSAM analysis showed a higher
Ca concentration in the rachis than in the pinnae of the frond, which meant that Ca is
able to localize to the rachis when exposed to As. Additionally, Ca was partially
observed from spots at a hypothetical hydathode. The Ca concentration of the upper half
of the pinnae collected in the soil experiment was lower compared with that of the lower
half of the pinnae within the same frond.
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As concentration in all pinnae collected during the 4 week experiment were plotted
as a function of Ca concentration. The negative correlation of As and Ca concentration
was also observed by time-dependent change at the pinna level. A negative correlation
of those elements was also observed at the frond level. However, in hydroponics the
correlation of those elements in the fronds was opposite to those observed in the soil
experiment. The correlation was clearly positive in the hydroponic experiment. The
plant water flow (transport) and Ca distribution was reviewed previously (Gilliham et
al., 2004). In general, absorbed waster and Ca were transported via xylem. In the
present study, Ca was supplied either from the soil or from the medium. Thus, The Ca
distribution predominantly depended on the flow of water through the xylem. Thus, it
was suggested that if a Ca supplement to a plant was sufficient, the Ca accumulation
would naturally be proportional to the As accumulation in P. vittata. When exposed to
As(V), P-treatment enhanced As accumulation in the fronds and the gradient of the
straight line was increased compared with that for P+ treatment. Arsenate enters the fern
via the Pi transport system as was observed with other plants and its uptake by roots was
thus accelerated by a phosphorus (P) deficiency in the fern (Hatayama et al., 2011).
However, arsenite, As(III), was taken up much less than As(V) without being affected
by the P deficiency of the fern and possibly via an aquaglyceroporin ion channel. As for
the ferns exposed to As(III), the gradients of the straight lines were similar to each other
following P± treatment. Even though the P-supply conditions and the As treatment
differed for the ferns, the As-Ca concentrations in the fronds were proportional.
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3-4 Conclusions
In the present study, detail of As translocation P. vittata was clearly shown in
hydroponics and soil cultivation. As present in shoots was translocated roots and other
frond, especially transported to emergent frond, however As was not excreted from
roots. there was no significant relationship between As and P concentration in pinnae
and fronds in hydroponics and soil cultivation. As concentration in apoplasmic solute
was thinner than organ, it suggested translocated As passed through symplasmic
pathway to accumulate in pinnae. From these result, accumulated As was not
immobilized in cell vacuole, dynamically translocated inside of P. vittata. If As was
accumulated in vacuole, it was considered that As was difficult to translocate to other
organ. According to these results, As was accumulated except vacuole in the fern was
suggested (supposedly cell wall). It thought that As translocation contributes to As
tolerance in the fern. Additionally, the result may help efficient phytoremediation
process by P. vittata.
Ca showed a negative correlation with As at the pinna level, and its
accumulation changed with an increase in As accumulates in the soil experiment.
Moreover, a negative correlation was observed for Ca and As at the frond level in the
experiment. However, in hydroponics, the correlation of those elements was clearly
positive. The correlation was similar among ferns treated under different conditions
except when ferns were exposed to AsV after a treatment that promoted a P-deficiency,
wherein the ferns exhibited higher As accumulation. With hydroponics, it was possible
to evaluate As accumulation by the Ca concentration in the fronds. However, under
Ca-rich conditions in hydroponics, the pinnae exhibited a negative correlation with As
concentration, which meant that the Ca was mobilized within the fronds. Moreover, this
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could suggest that As accumulation does not occur in the tissues where the Ca
accumulation is less, but rather As accumulation occurs in the fronds where activity and
growth are fast, although Ca mobility is somewhat negatively correlated with As
accumulation within the fronds (pinna to pinna). Ca was transported via xylem, but As
translocation pathway by frond to frond was unclear (ex. either xylem or phloem).
Correlation of As and Ca showed same tendency even though AsV and AsIII was
sprayed. If As was transported as AsIII, it was used same pathway as Ca. However, As
redox status of P. vittata had been described a limited part. Therefore, it was necessary
to observe the behavior of As redox in P. vittata for understanding As translocation
pathway and relationship between As and other elements.
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CHAPTER 4
Characterization of As redox system and transport rate by As valency in
Pteris vittata
4-1 Introduction
P. vittata prefers to absorb arsenate (AsV) much more than arsenite (AsIII).
AsV is absorbed via phosphate transporter because of the chemical analogy between
arsenate and phosphate (Meharg and Macnair, 1992; Mieke and Zed, 2004). In
anaerobic atmosphere, the fern accumulate AsIII via the aquaporin which is water
transporter and one of membrane transport proteins (Bienert et al., 2008). Accumulated
AsV is reduced to AsIII in root cells rapidly. AsIII is then effluented from cells, and
accumulated in the external medium (Su et al., 2008; Huang et al., 2011). Reduced AsIII
is transported into vacuoles as low molecular thiol-conjugated As compound, or
translocated to shoots via xylems (Su et al., 2008). AsIII is also sequestered into foliar
vacuoles as AsIII-thiolate complex (Lombi et al., 2002; Zhang et al., 2004; Pickering et
al., 2006). It is considered that AsIII conjugation with low molecular thiol compounds
was one of As tolerance mechanisms of the fern. Especially, Glutathione and
phytochelatine, a low molecular thiol, were specifically combined with AsIII for
detoxication. However, there were material imbalances in As and S in pinna by X-ray
analysis (Sakai et al., 2010). Furthermore, it was reported that As was accumulated not
only in vacuolar, but also in the cell wall in Oryza sativa (Moore et al., 2014). These
reports suggested that P. vittata may have any other As resistance and
hyperaccumulation system besides As-thiol conjugation and accumulation of As in the
vacuolar.
Arsenic was accumulated as AsIII in the shoots of the fern. Previous studies
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reported where AsIII was found in roots (Su et al., 2008; Huang et al., 2011), rhizome
(Matthews et al., 2010) and fronds (Webb et al., 2003). However, arsenate reductase had
been detected in prothallium (Ellis et al., 2006). Duan et al. (2005) reported that AsV
reductase cording gene was extracted from roots and frond of the fern. In addition,
activity of AsV reductase was confirmed using yeast. Therefore, arsenate reductase had
not been detected in gametophyte directly.
Experimentally, uptake of AsV by P. vittata was dependent on P-starvation,
which provided evidence for uptake via the phosphate transport system (Wang et al.,
2002; Poynton et al., 2004). By contrast, AsIII uptake was not dependent on
P-starvation (Wang et al., 2002; Poynton et al., 2004). In this wise As absorption rate
was reported in previous studies (Ma et al., 2001; Su et al., 2008). However, there was
no estimation that As absorption and transportation comprehensively in P. vittata. As in
the nature, As valency depended on the environmental condition surrounding As. For
example, valency of As in groundwater was AsIII in many cases (Paul et al., 2014; Sun
et al., 2014; Corsini et al., 2014). To use P. vittata for As remediation, it was required to
understand that behavior of As absorption and transportation due to the effect of As
valency for efficient phytoremediation.
In the present study, arsenic reduction and oxidation was investigated in aerial
part, root system and rhizome of P. vittata. Also As transportation process was clarified
to understand part of As hyperaccumulation and tolerance mechanism in P. vittata.
Furthermore, effect of As valency to speed of As absorption and transportation were
observed.
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4-2 Materials and methods
4-2-1 Plant material
P. vittata which had approximately 5-6 fronds was provided by Fujita Co.
(Tokyo, Japan). The fern was cultivated hydroponics with tap water for 3 months.
During this period, half strength of Hoagland solution was supplied to plant foot once a
2 weeks.
4-2-2 As redox in aerial part underAs translocation using foliar application
To confirm which organ contributed to As redox in aerial part of P. vittata, As
foliar application was used same as in 3-2-2. After 24 h foliar application, the fern was
divided into As exposed frond, As non-exposed frond and rhizome. Also, xylem sap of
rhizome to As non-exposed frond was collected using pressure chamber (PMS
Instrument Company, USA). As non-exposed frond was cut off at 5 cm from rhizome,
then placed on pressure chamber and set the stem of fern. The fern in inside of chamber
box was applied 1 MPa (10 bar) of pressure by Ar gas, xylem sap was exuded from cut
edge and was collected (ave. 150 L).
To preserve As species, plant samples were rinsed three times with 1 L of 2
mM potassium phosphate buffer (pH 6.0) containing 0.2 mM EDTA (pH 8.0) and
blotted dry. Rinsed samples was frozen in liquid N2 and ground using a pestle and a
mortar. Powdered samples were combined with 30 mL of 2 mM potassium phosphate
buffer (pH 7.0) with 0.2 mM EDTA (pH 8.0) and sonicated for 1 h. Sonicated samples
were centrifuged to remove debris, and the supernatant was filtered through a 0.45 m
pore nylon membrane. Each AsIII and AsV concentration in liquid samples was
determined by HPLC-ICP-MS (NexION300, Perkin-Elmer, USA). The condition
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measurement of HPLC follows: column: CAPCELL PAK MGII (Shiseido, Japan);
moving phase: 10 mM sodium 1-butansuldonate, 4 mM tetramethylanmonium hydroxid,
4 mM malonic acid, 0.05% methanol; flow rate: 1 mL/min; injection volume: 20 L;
runtime: 5 min; temperature: 20oC.
4-2-3 Evaluation of As redox in root system
Which part of root contribute to AsV reduction was also clarified. Ordinary P.
vittata and 3 cm tip of root removed P. vittata were exposed 1 mg/L AsV or AsIII
solution for 24 h in growth chamber. These root tips could be dyed red by acetocarmin.
It meant translucent root tip consisted of emergent tissue. After 24 h, roots was divided
into exposed, buffer, lower, middle and upper fraction (approximately each 3 cm). Also
rhizome was divided into rhizome part which connected with fronds and roots. AsV and
AsIII concentration of all samples was determined with HPLC-ICP-MS using the same
procedures described in 4-2-2.
4-2-4 Estimation of As accumulation rate according to As chemical form
It was thought that affected the rate of As absorption and transportation in P.
vittata was influenced by valency of As . To evaluate As absorption and transportation,
Root tip of ordinary and the root tip removed P. vittata used same as previous research
(4-2-3) without AsIII and AsV concentration (10 mg/L). After As exposure, the fern
divided into As exposed roots, As non-exposed roots and fronds (include rhizome). As
concentration of each part was determined by ICP-MS at the same way as 2-2-5.
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4-2-5 As accumulation and transportation assay in 10 days hydroponic trial
As accumulation and transportation rate was investigated by 10 days
hydroponic experiment. Approximately 3 months cultivated P. vittata was placed into
half strength Hoagland solution containing 10 mg/L AsV or AsIII. At this time, all of
roots were sunk into solution. The fern was cultivated for 10 days in growth chamber,
which growing condition was described previously. After 10 days cultivation, P. vittata
was rinsed three times with tap water and milli-Q water respectively, and divided into
shoots and roots and then dried in an oven at 60oC for 2 days. Part of cultivated solution
was also collected for As analysis. The dried samples were digested with HNO3 at 130
oC for 90 min. Digested samples and the solution was diluted appropriate concentration,
then for all analytical samples, HNO3 and 89Y, an internal standard, were added at final
concentrations as more than 3% (v/v) and 10 g/L, respectively. Total As concentration
was determined with ICP-MS. To observe changes of As valency during experiment, As
valency in collected solution was analyzed by HPLC-ICP-MS using procedures
descrived in 4-2-2.
4-3 Results and discussion
4-3-1 As redox under As translocation using foliar application
As redox in aerial parts of P. vittata was investigated using As foliar application.
Ratio of AsV and AsIII in As exposed frond, non-exposed fronds, rhizome and xylem
sap was shown in Fig. 4-4. When the frond of the fern was exposed to AsIII, small part
of AsIII was oxidated to AsV, but over 85% of As existed as AsIII in all fractions.
During As translocation, there was no obvious As oxidation observed (Fig. 4-4a).
However, AsV reduction was confirmed in AsV exposed fern in all fractions (Fig. 4-4b).
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Especially, almost 100% of As in xylem sap was AsIII. These results suggested that
foliar applied AsIII was absorbed and translocated mostly at AsIII form during
translocation within 24 h. On the other hand, when AsV was applied to the frond,
approximately 40% of AsV was reduced in As exposed frond, and remain AsV was
reduced to AsIII during translocationg process to rhizome. It was notable that almost
100% of As existed as AsIII in xylem sap. After that, foliar absorbed As was
translocated to shoots as AsIII, then accumulated as AsIII in fronds finally. It was
clarified that both frond and rhizome had function of AsV reduction. In the previous
studies, AsIII was found in roots, rhizome and fronds (Weeb et al., 2003; Su et al., 2008;
Matthews et al., 2010; Huang et al., 2011). However, It was difficult to discriminate
AsIII in rhizome or frond derived from roots or not in the previous studies. Thus, these
studies were not demonstrated that rhizome and fronds had arsenate reductase activity.
The results of AsV foliar application was the first report demonstration activity of
arsenate reductase in shoots and rhizome. In the previous study about As speciation in P.
vittata, 90% of AsIII existed in fronds when the fern was exposed to AsV (Ma et al.,
2001; Su et al., 2008). In addition, As was accumulated as AsIII in vacuolar (Zhang et
al., 2004; Pickering et al., 2006). As was accumulated not only in vacuolar, but also the
other part (maybe cell wall) was considered in Chapter 3. From these results, it
supposed that accumulated AsIII was fixed in cell wall, but certain parentage of AsIII
was oxidated to AsV because there was not influenced range of AsV reductase.
4-3-2 Arsenate reduction by root tip and redox during transportation to shoots
Detail of As redox in root system of P. vittata was also observed. AsV and AsIII
concentrations in As exposed, buffer, lower, middle and upper part were determined and
the ratio of AsV and AsIII in each fraction was calculated. When the tip of roots of
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ordinarily fern exposed to AsV, relatively high concentration of AsIII was observed in
exposed and buffer parts comparison with lower, middle and upper roots. However,
when root tip removed P. vittata was exposed to AsV, As concentration in exposed and
buffer parts was comparatively lower than that of ordinarily fern. Even As concentration
levels in As exposed parts (exposed and buffer) was different, As concentration in As
non-exposed roots were almost the same in both ordinarily and root tip removed
condition. As for the ratio of AsV and AsIII in ordinarily fern, huge amount of As was
AsIII in exposed and buffer fractions. Also, large amount of As was existed as AsIII in
non As exposed root fraction. On the other hand, in root tip removed fern, AsV was
dominant species in every fraction. In both ordinarily and root tip removed condition,
There was no significant oxidation and reduction observed in As non-exposed fraction
(lower, middle and upper roots).
As concentration and ratio of AsV and AsIII in rhizome and roots was
determined. Rhizome which connected with fronds accumulated high concentration of
As comparison with roots around rhizome. AsIII was dominant in rhizome at every
condition even though As was transported as AsV via roots. Additionally, As
concentration and ratio of AsV and AsIII were much the same as vertical distribution of
rhizome (data not shown). Through this experiment, AsV reduction in rhizome was also
investigated the same as 4-3-1. Also, it was clarified that function of AsV reduction was
contributed in rhizome which connected with fronds.
In the previous study, valency of As in roots was mainly AsV (Ma et al., 2001).
In contrast, significant AsV reduction in root tip and rhizome was observed in the
present study interestingly. Matthews et al. (2010) analyzed As species in whole of P.
vittata. AsIII was found in shoots and rhizome, but it was not detected in roots. It was
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considered that absorbed As via root tip was small proportion of total As amount, thus
the previous study did not focus on it. Present study clearly showed that root tip of P.
vittata had AsV reduction activity. Also significant AsV reduction was observed in
rhizome. There was no clear definition of “rhizome” so far, even in Matthews’s report
(2010) defined rhizome just joint of aerial part and roots of the fern. However, present
research showed that function of As reduction and translocation was assumed in
rhizome which connected with fronds. In addition, emergent fronds grow from central
part of rhizome, thus it was considered that the rhizome takes on the important functions
of life.
When the As was transported in As non-exposed fraction of roots, no As redox
was observed. It was suggested that As redox mainly occurred in inside of cell. To
consider material transport in roots, most of material was transported using apoplasmic
pathway from epidermis to casparian strip. However, every material entered to the cell
in casparian strip, then it was transported as synplasmic pathway (Taiz and Zeiger,
2004). Therefore, it was considered that AsV took reduction nearby stele of roots.
Kitajima et al. reported when P. vittata absorbed AsV, AsIII was detected in stele of
roots by synchrotron X-ray fluorescence analysis (Dr. Kitajima, personal
communication). This result reinforced our hypothesis. AsV reduction in tip of roots
could be explained by this hypothesis, but roots except tip did not appropriate for that.
When the roots of P. vittata was dyed with acetocarmine, tip of roots was dyed red but
the other part of roots was not. Additionally, it was observed that a nucleus of cell
around tip of roots. It was thought that tip of roots consisted of emergent cells, in
contrast roots except tip took lignification. Thus, activity of arsenate reductase was
different in each fraction of roots. Previous reports of As species in roots showed that
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over 90% of As existed as AsV when the fern was exposed to AsV (Ma et al., 2001;
Matthews et al., 2010). These reports supposed that most of roots absorbed AsV
directly.
4-3-3 As accumulation rate depends on absorption site andAs valency
Result of 4-3-2 suggested that As valency affected loading rate to xylem or
phloem. Therefore, influence of As valency for As absorption and transportation rate of
P. vittata were investigated. Material balance of As decline from solution and As uptake
by the fern was calculated. As recovery was most of 100% in every condition.
As amount of As exposed roots, non-exposed roots and shoot was determined.
As uptake of AsV ferns were several-fold greater than AsIII in root tip removed and
ordinarily condition. In addition, trend of As mount of each fraction was almost the
same in AsIII exposed fern and AsV exposed ordinarily fern. However, AsV exposed
root tip removed fern transported As greater than other condition. It was suggested that
transportation rate of AsV to xylem or phloem was faster than that of AsIII.
Comparison with As absorption rate by roots, rate of AsV absorption was
several-fold faster than AsIII in each condition. AsV was absorbed via phosphate
transport pathway (Meharg and Macnair, 1992). Also, AsV was more accumulate than
AsIII in hydroponic condition (Su et al., 2008). Thus, this difference of As uptake
amount was depended on absorption rate by valency of As. Compared to transportation
rate by As valency, AsV exposed condition transported As greater than other condition.
However, this value was affected As valency to absorption. Thus, to normalize
transportation rate by total As uptake amount was calculated percentage of As
transported amount to non-exposed roots and shoots. From these results, transportation
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rate of AsV exposed root tip removed fern was significant greater than others. It was
considered that AsV did not take reduction and transportation as AsV to aerial part in
this condition. However, As existed as AsIII in As exposed roots in the other 3
conditions (AsV reduction and AsIII directly absorption), then transported as AsIII.
From results of 4-3-3 and 4-3-4, it was considered that reduced AsIII stayed in stele of
roots when the fern exposed AsV. On the other hand, absorbed AsV was rapidly
transported to shoots. Possible reason for these results, phosphate transport was active
transport in contrast water transport was passive transport (Taiz and Zeiger, 2004).
Therefore, accumulation and transportation rate of AsV was higher that its AsIII.
4-3-4 As accumulation and transportation assay in 10 days hydroponics trial
P. vittata was exposed AsV or AsIII solution for 10 days to evaluate As
accumulation and transportation rate by As valency. AsV or AsIII in medium was not
taken any oxidation and reduction during experiment was confirmed. Material balance
of AsV and AsIII exposed condition was almost 100%. Total As uptake amount of AsV
exposed condition was several-fold greater than AsIII exposed condition. This value
was almost same as the result of 4-3-3. In these result showed AsV was more easy to
accumulate than AsIII as previous report (Su et al., 2008). To considerate relationship
between As uptake and biomass, As uptake and shoots biomass showed positive
correlation. Furthermore, behavior of AsV and AsIII accumulation was different. It was
suggested that AsIII and AsV was transported by different transporter which was AsV
for phosphate and AsIII for aquaporin (Meharg and Macnair, 1992; Bienert et al., 2008).
However, it was necessary to verify using more samples for this correlation. Percentage
of As transportation to shoots for total As accumulation of AsV exposed fern was
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calculated. Therefore, it was clarified that AsV was several-fold transported to shoots
than AsIII same as result of 4-3-3. On the other hand, transported percentage of AsV or
AsIII exposed condition showed in 4-3-3. AsIII exposed condition was almost same,
however AsV exposed condition was slightly different. In this experiment, activity of
emergent roots was not considered because that biomass was very small. It was thought
that AsIII exposed fern was not affected by emergent roots. By contrast, AsV exposed
condition was slightly affected by activity of emergent roots. In the present study clearly
showed accumulation and transportation rate of AsV and AsIII exposed P. vittata.
4-4 Conclusion
In the present study, detail of As redox status in aerial part and root system of P.
vittata, and the effect of As valency to speed of absorption and transportation were
observed.
In the aerial part, foliar applied AsV was reduced AsIII in frond and rhizome,
additionally translocated As was moved as AsIII from rhizome to As non-exposed frond.
However, AsIII oxidation was observed slightly only in frond. This result suggested that
frond and rhizome had activity of AsV reductase for the first time. In the root system,
AsV was reduced mainly the root tip, but other part of root accumulated As as AsV.
Absorbed AsV and AsIII did not take any redox during transportation from roots to
rhizome. Even though AsV was transported to rhizome, AsV was reduced to AsIII and
accumulated in rhizome. It was clarified that AsV was reduced in root tip and rhizome
in root system, and As redox did not occur during transportation. AsV was more
absorbed than AsIII in both ordinarily and root tip removed fern. However, rate of
transportation in AsV exposed root tip removed fern was faster than others. This result
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suggested that loading speed to xylem or phloem of AsIII was slower than AsV. To
estimate AsV and AsIII accumulation and transportation rate using whole P. vittata,
accumulation and transportation rate of AsV was greater than its AsIII. In addition, As
uptake amount depended on shoot biomass, but behavior of AsV and AsIII uptake was
different. It was clarified that AsV reduction system in P. vittata, and effect of As
valency to As accumulation and transportation in the present study.
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In the present study, As accumulation, transportation and redox in P. vittata
were investigated under laboratory and field conditions for widely practical use of As
phytoremediation. objectives of present study follows: Evaluation of applicability to As
phytoremediation by P. vittata on tsunami flooded area in north-east region of Japan;
Evaluation of translocation of accumulated As in P. vittata and As efflux from roots;
Characterization of As redox system and evaluation absorption and transport rate in P.
vittata.
In chapter 2, As phytoremediation applicability by As-hyperaccumulator, Pteris
vittata in tsunami flooded area in north-east Japan was evaluated. Salinity tolerance
tests of P. vittata, spore germination rate was considerably decreased at an NaCl level of
higher than 100 mM. Furthermore, the growth inhibition of P. vittata was observed with
a salinity that corresponded to 66.2 mS/m of electric conductivity in the soil. In a
laboratory pot phytoremediation experiment using As-contaminated tsunami sediment
mixture, P. vittata accumulated As at 264 mg/kg-DW into the shoots within 166 days.
Eventually, water soluble As in the soil was significantly decreased. In the field trials,
biomass of P. vittata was harvested almost same as previous studies. At this time,
concentration of water eluted As in the field was significantly decreased by 6 months
fern cultivation. Interestingly, evidently As accumulation in rhizome was observed
during autumn to winter period. According to the results, As phytoextraction using P.
vittata was applicable and effective for extracting water soluble As in tsunami flooded
area of north east region, Japan.
In chapter 3, As accumulation and translocation using As foliar application
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under hydroponics and soil cultivation to understand the behavior of As in P. vittata
were investigated. Foliar applied As was translocated from As exposed frond to rhizome
and As non-exposed fronds, while no As root efflux was observed. As concentration was
increased then decreased in emergent fronds during a month in soil cultivation. In
addition, As translocation tended to occur more in emergent fronds than in mature
fronds. As and Ca concentration showed strong positive correlation in fronds of 24 h
hydroponic study. On the other hand, negative correlation between As and Ca
concentration was observed during 4 weeks soil cultivation. According to the results, it
was clarified that As translocation in P. vittata and no As efflux from roots. In addition,
different kinds of relationship between As and Ca was demonstrated during 24h, 1week
and 1 month.
In chapter 4, As redox mechanism and the effect of As valency to As absorption
and transportation in P. vittata were investigated toward clarifying As
hyperaccumulation and detoxification system. AsV application via roots and foliar, AsV
reduction was observed in root tip, rhizome and fronds. Especially, significant AsV
reduction was demonstrated in root tip. No redox was occurred during transportation
from roots to rhizome. Comparison with absorption rate via roots, AsV was
approximately several-fold greater than AsIII. Besides, transportation rate of AsV was
1.3 times faster than its AsIII. According to the results, detail of behavior of As redox,
absorption and transportation rate were observed.
In conclusion, the present study clarified As accumulation, transportation and
redox in P. vittata under laboratory and field experiments were valuable for widely
practical use in As phytoremediation with P. vittata.
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